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ARTICLE

Utilization of longitudinal ultrasound to quantify joint
soft-tissue changes in a mouse model of posttraumartic
osteoarthrifis

Hao Xu'?, Echoe M Bouta®, Ronald W Wood*, Edward M Schwarz®, Yongjun Wang' and Lianping Xing*>

To assess the utility of longitudinal ultrasound (US) to quantify volumetric changes in joint soft tissues
during the progression of posttraumatic osteoarthritis (PTOA) in mice, and validate the US results with
histological findings. A longitudinal cohort of 3-month-old wild-type C57BL/6 male mice received the
Hulth-Telhag surgical procedure on right knee to induce PTOA, and sham surgery on their left knee as
control. US scans were performed on both knees before, 2, 4, 6, and 8 weeks post-surgery. Joint space
volume and Power-Doppler (PD) volume were obtained from US images via Amira software. A parallel

cross-sectional cohort of mice was killed at each US time point, and knee joints were subjected to histological
analysis to obtain synovial soft-tissue area and OARSI scores. The correlation between US joint space volume
and histological synovial soft-tissue area or OARSI score was assessed via linear regression analysis. US
images indicated increased joint space volume in PTOA joints over time, which was associated with synovial
inflammation and cartilage damage by histology. These changes started from 2 weeks post-surgery and
gradually became more severe. No change was detected in sham joints. Increased joint space volume was
significantly correlated with increased synovial soft-tissue area and the OARSI score (P < 0.001). PD signal
was detected in the joint space of PTOA joints at 6 weeks post-surgery, which was consistent with the
location of blood vessels that stained positively for CD31 and alpha-smooth muscle actin in the synovium.
This study indicates that US is a cost-effective longitudinal outcome measure of volumetric and vascular
changes in joint soft tissues during PTOA progression in mice, which positively correlates with synovial

inflammation and cartilage damage.

Bone Research (2017) 5, 17012; doi:10.1038/boneres.2017.12; published online: 13 June 2017

INTRODUCTION

Osteoarthritis (OA) is a progressing joint disorder manifested
by pain and disability of affected joints, which can be
initiated and exacerbated by trauma. Plain radiography
and magnetic resonance imaging are commonly clinical
used imaging modalities to assess the severity of knee
OA.'® However, these imaging methods are rarely used in
preclinical animal models of OA, especially in mice. For
instance, radiography does not always show joint space
narrowing in mouse OA, which may be because of
insufficient resolution of X-ray and anatomical structure.

The use of magnetic resonance imaging is limited due to
high costs and need for special magnetic resonance
imaging. There is therefore a critical need in preclinical
studies for development of longitudinal assessment meth-
ods that can be roufinely used in a research lab for mouse
models of OA.

Ultrasound (US) is used to evaluate OA changes in
humans. A cross-sectional, multicenter EULAR study of 600
patients with knee OA showed that synovial inflammation
and effusion detected by US are positively correlated with
radiographic OA and clinical symptoms. US can therefore
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be helpful in predicting subsequent joint replacement.*
Recently, our group applied US scan on joinfs of TNF
fransgenic mice,®> a mouse model of rheumatoid arthritis
(RA). We demonstrated that both joint space volume and
Power Doppler (PD) volume can be used as oufcome
measures of joint inflammation and active synovitis.®
Because our focus was validating US biomarkers of
advanced RA, we did not examine the relationship
between changes in the US outcomes and the severity of
joint tissue damage over fime. There are currently no studies
on the correlation of US biomarkers of arthritis with cartilage
catabolism. Another issue that needs to be resolved in
order to make the development of US biomarkers of OA
possible is determining whether US is sensitive enough to
detect soft-fissue changes in mouse OA joints, which have
markedly less synovitis than RA models. To address these
questions in mice, we evaluated US imaging in posttrau-
matic osteoarthritis (PTOA) using the Hulth-Telhag surgery
model.” We found that increased joint soft-tissue volume by
US is clearly associated with increased OARSI score by
histology. This shows that US is a cost-effective method to
evaluate the progression of mouse PTOA.

MATERIAL AND METHODS

Mouse model of osteoarthritis

The Hulth-Telhag surgical procedure was used to induce
PTOA-like damage in 3-month-old C57BL/6 male mice
(Jackson, stock#: 000664, Jackson Laboratories, Bar Harbor,
ME, USA) with a minor modification.” In brief, a 5-mm-long
incision was made on the medial aspect of the right knee
and the medial collateral ligament was transected to open
the joint cavity. The medial meniscus was detached from its
anterior attachment to the tibia and a portion (about half)
of the detached meniscus was removed. The anterior
cruciate ligament was then tfransected. Sham surgery was
performed by making a skin incision at the same location in
the left knee. Buprenorphine (0.05 mg-kg ™' per intraperito-
neal injection) was given fo reduce pain 12h before and
every 12 h after surgery for 3 days. Two sets of experiments
were performed: In one set, mice (n=8) were subjected to
US examination on the right knee before, 2, 4, 6, and
8 weeks post-surgery longitudinally. In another set, mice
were randomly divided into four groups (n=8 per group),
and killed at the same time points as listed above using US to
examine the correlation between the severity of tissue
damage by histology and changes of joint space volume.
The research was conducted with approval by the University
of Rochester Institutional Animal Care and Use Committee.

Ultrasound acquisition and analysis
We wused a high-resolution small-animal US system
(VisualSonics 770, FujiFim VisualSonics Inc., Toronto, ON,
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Canada).® Anesthetized mice were placed on a supine
position with their knees flexed over a customized mold to
an ~135° angle. The knee joint was scanned vertically
with the 704 scanhead at the following setting: wall
filter=3mm-s~', scan speed=2mm-s~', dynamic range =
13.13-23.24dB, the pulses to radiofrequency cycle
number=2. US images were analyzed with Amira software
to obtain joint space volume and PD volume. The joint
space was manually segmented as the anterior portion
between the joint surfaces of the femur and fibia as
illustrated in Figure 1, and a threshold was applied to the PD
signal (>64 arbitrary units; a.u.) to encompass the PD
signal. A mask was then created using the Arithmetic
module with the expression A*(B>0), where A refers to the
PD signal and B refers to the mask (joint space), which
segmentfs the PD data so the positive Doppler signal
volume in the joint space can be delineated. These
volumes were quantified via the MaterialStatistics module.
Three-dimensional surfaces of both the joint space volume
and PD volume were generated via the SurfaceGen and
SurfaceView modules.

The orientation of joint space volume detected by US in a
mouse knee was illustrated in Figure 1 via a combination of
US B-mode and reconstructed 3D images, and histology.
When the mouse knee is bent to a 135° angle and scanned
vertically with a US head, we observed a friangular region of
interest (ROI) with bright US signal in a B-mode image
(Figure 1a). This ROI is located immediately beneath the
dermis and localized between the distal end of femur and
proximal end of tibia (Figure 1b). On the Alcian Blue/Orange
G-stained section, this ROl is comprised of synovium,
meniscus, soft fissues, and synovial fluid space (Figure 1c).
Using Amira software, we reconstructed a 3D image from 20
to 30 B-mode measurements to obtain the ROI volume,
which we refer to as “joint space volume” (Figure 1d).

Histology

Knees were fixed in 10% formalin, decalcified in 10% EDTA,
and paraffin-embedded. We used a standard protocol that
was developed and used in the Center for Musculoskeletal
Research at University of Rochester Medical Center to
section, stain with Alcian Blue/Orange G and score the OA
tissue damage.’ In brief, blocks were serially sectioned in the
midsagittal plane through the medial compartment of
the joint. The first section was collected at the beginning
of the artficular cavity in the midsagittal plane. A series of
4-um-thick sections were cut, and a total of 15 sections were
collected and divided info 3 levels. Each level was ~ 50 pm
from the previous level. One section from each of
the 3 levels was assessed for synovial inflammation by
measuring the percentage of soft-fissue area over the
total fissue area. Two independent observers assessed
damage to cartloge using a Modified Osteoarthritis
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Figure 1. Orientation of joint space on an ultrasound image. A 3-month-old wild-type C57BL/6 male mouse was used. (a) An ultrasound B-mode
image of a mouse knee joint. (b) Outlined joint space (solid green), tibia, and femur on the ultrasound B-mode image. (c) Alcian blue/Orange G
(ABOG)-stained knee section with outlined joint space detected by ultrasound. (d) Illustration shows 3D reconstruction of join space derived from a

stack of ultrasound B-mode images.

Research Society International (OARSI) scoring system.’
Immunofluorescence staining was applied with  FITC-
conjugated antfi-mouse a-smooth muscle actin (1:400;
Sigma, cat#: F3777) and PE-conjugated anti-mouse CD31
antibodies (1:100 Bioscience, cat#:553373, San Jose, CA,
USA). The sections were imaged using Olympus VS120 whole
side imaging system.’

Statistical analysis

Prism (GraphPad Software, San Diego, CA, USA) was used.
Differences among groups were compared using one-way
analysis of variance followed by a Tukey's HSD test. Linear
regression of joint space volume by US and OARSI by
histology were determined. US outcomes were quantified
independently by two observers (HX and WSW) to obtain
the inter-user variability using interclass coefficient correla-
tion analysis (Joint space volume=0.781 5; PD volume =
0.796 4).

RESULTS

We performed a modified Hulth-Telhag surgical procedure
to determine if the joint space volume changes during the
progression of PTOA. We ran US scans on the same knee
joint before and 2, 4, 6, 8 weeks post-surgery to obtain 2D
B-mode images (Figure 2a) and 3D joint space volume
(Figure 2b). To validate whether the change of joint space
volume that is detected by US reflects a pathologic

change in synovial soft tissues and cartilage, we performed
Hulth-Telhag and sham surgery in a parallel cross-sectional
experiment, and killed mice at the same time points as we
have done for US. Because clinical US measures synovial
inflammation in patient’s joints we speculate that percen-
tage change of the synovial soft fissues area over the total
fissue area by histology will be correlated to the severity of
synovial tissue inflammation in a mouse OA joint, which can
be used to validate US findings (Figure 2c). We found that
compared to the baseline value, both the joint space
volume (Figure 2d and e) and the percentage of synovial
inflammation area (Figure 2f) were significantly increased
at all times after OA surgery. A significant difference was
detected between 2 weeks, but no difference was
detected between 4 and 6 weeks post-surgery. Impor-
tantly, we found a significant correlation between joint
space volume and synovial soff-fissue area (Figure 2g,
Linear regression, r’=0.795, P < 0.001).

OARSI score showed a gradual increase in the severity of
OA pathological changes at the time point of each US
scan (Figure 3a and b). Similar to the strong correlation
between US-joint space volume and histology-synovial
inflammation area, joint space volume was also signifi-
cantly correlated to the OARSI score (Figure 3c, Linear
regression, r’=0.769, P < 0.001). Since we recently reported
that PD volume, a measure of blood flow, can be used to
assess knee inflammation in TNF transgenic mice,” we
wanted to know if we could detect similar PD signals in
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Figure 2. Joint space volume detected by ultrasound is positively correlated to change in synovial soft-tissue area in osteoarthritis (OA) joints. (a)
Ultrasound B-mode images of joint space (red line) at before and different time points post-OA surgery. (b) 3D reconstruction from B-mode images.
(c) ABHO-stained knee sections from sham and OA joints at different time points post surgery. Soft tissues in the area detected by US detected are
outlined and analyzed. Changes of joint space volumes in OA (d) or sham joints (e) from 3D ultrasound. (f) The percentage of soft-tissue area (black
line) over the total tissue area (blue line). (g) Correlation analysis of joint space volume and soft-tissue area (%). Values are from individual joint.
n=_38 mice/group. *P < 0.05 between two indicated groups. w, weeks.

PTOA joints. We detected significantly increased PD signals c). These blood vessels are small arteries, based on their
in OA joints (Figure 4a). Histological examination showed thick vessel wall and positive staining for a-smooth muscle

blood vessels in the similar area of soft tissue (Figure 4b and actin and CD31 (Figure 4d). PD volume in OA joints was
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Figure 3. Joint space volume detected by ultrasound is positively correlated to cartilage damage in osteoarthritis (OA) joints. (a) ABHO-stained
knee sections from sham and OA joints at different time points post surgery. (b) OARSI score from ABHO-stained sections. (c) Correlation analysis
of joint space volume and OARSI score. Values are from individual joint. 7=8 mice per group. *P < 0.05 between the two indicated groups.
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Figure 4. Power Doppler ultrasound detects blood vessels in later stages of osteoarthritis (OA) joints. (a) 3D reconstruction of blood vessels within
the joint space in 8 weeks post-OA surgery. (b) H&E-stained knee joint section. (c¢) Enlarged image of two blood vessels. (d) Immunofluorescent
staining of blood vessels with anti-CD31 antibody for endothelial cells (red) and anti-alpha-smooth muscle actin antibody for smooth muscle (green).
Power Doppler volume in the joint space of OA (e) or sham joints (f) at different time points post-OA surgery. Values are from individual joint. 7=8

mice per group. *P < 0.05 between the two indicated groups. w, weeks.
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shown to increase significantly at 6 and 8 weeks post-
surgery (Figure 4e), but the PD volume was no change in
joints that received sham surgery (Figure 4f).

DISCUSSION

Mouse OA models lack non-invasive methods for evaluai-
ing disease activity. This differs from the RA mouse models
because joint swelling and grip strength can be used to
longitudinally examine the severity of RA disease. Mag-
netic resonance imaging, pCT, and bio-molecular imaging
have been used to measure structural changes in mouse
joints,'® but these are seldom utilized as routine outcome
measures in OA preclinical studies due to technical
difficulfies, high-cost, and low signal-noise ratio. In current
study, we used US to examine mouse joints at different
fimes after PTOA surgery, and then compared the in vivo
volumetric resulfs with our histological findings. US detected
increased joint space volume and blood flow in OA knees,
which is strongly cormrelated with increased OARSI score. US
is therefore a useful longitudinal outcome measure for
PTOA mouse models widely used in preclinical study.

US is used extensively to observe changes in body soft-
fissue structures such as tendons, muscles, joints, vessels,
and internal organs in human and animals, including
mice."" OA is a whole joint disease,'? involving various soft
fissues. We found that in a mouse knee (Figure 1), US scan
detects a friangular area between fibial and femoral
heads. Histology shows that this area contains synovium,
meniscus, fat pad, other soft tissues, and empty space that
is occupied by synovial fluid. We named our US detection
as joint space volume, in which the joint space encom-
passes the area of soft tissue described above. The joint
space volume detected by US imaging differs from the joint
space detected by X-ray because it is a 3D measurement
and its enlargement occurs when fissue is in an inflamma-
tory state, the early stage of OA. In contrast, decreased
joint space is often an X-ray outcome measure, perhaps for
the later stage of OA. The strong correlation between joint
space volume and OARSI score indicates that changes to
the US-detected joint space volume can also be used as a
biomarker for cartilage loss. Significantly increased PD signall
volumes (blood flow) in OA joints at 6 weeks post-surgery
show that angiogenesis occurs at the later stages while
changes in fluid content happens early (2 weeks in
Figure 2d vs 6 weeks in Figure 4e). This is logical because
fissue injury causes edema and inflammatory cell recruit-
ment first, and vascular factors released by inflammatory
cells lead to angiogenesis. This proves that PD signal is also a
good measure for OA progression although PD volumes in
OA joints are much smaller than those in RA joints.

US has several advantages when compared to other
medical imaging modadailities: It provides images in real-fime
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without using ionizing radiation and consumables, and is
substantially lower in cost. Furthermore, US is easy to leamn,
and data throughput is relatively fast. Our experience has
shown that it takes a new graduate student 80 h to master
US scanning and data analysis from their peers with a
well-written standard operation profocol. Furthermore, we
can generally perform US scans and data analysis for 10
knees in just 8 man-hours. However, US measurement also
has some limitations. For instance, it cannot be used to
image structures behind bone. US images are relatively low
resolution, making it difficult to define precise anatomic
stfructures of joint soft tissues. The US equipment is expen-
sive. Despite these limitations, US is a practical tool that can
be used to monitor changes in mouse OA joints on a
daily basis.

Acknowledgements

We thank the participants of the “Utilization of ultrasound to longitudinally
assess the joint tissue damage in a mouse model of osteoarthritis” study for
their time and effort. We further acknowledge Drs Wang, Wensheng, and
Wang, Tengteng for their technical support. The work is supported by
research grants from NIH, USA (AR048697 and AR063650 to LX). EMB and
EMS are supported by research grants from NIH, USA (AR053459,
AR056702, and AR061307 to EMS). HX was supported by research grants
from NIH, USA (AR048697 and AR063650 to LX) and from National Natural
Science Foundation of China (81220108027 to YW and LX, 81403418 to HX).

AUTHOR CONTRIBUTIONS

All authors were involved in the conception and design of the study,
acquisition of the data, or the data analysis and interpretation. All
authors contributed to drafting the article or critically revising it for
intellectual content. All authors gave their final approval of the
manuscript to be submitted. Analysis and interpretation of the data:
HX, EMB, RWW, EMS, YW, LX. Drafting of the article: HX, LX. Statistical
expertise: HX, EMB. Obtaining of funding: HX, EMS, YW, LX. Collection
and assembly of data: HX, EMB, RWW, EMS, YW, LX. Responsibility for
the integrity of the work as a whole, from inception to finished article,
is faken by LX.

Competing interests
The authors declare no conflict of inferest.

References

1 Zhang W, Doherty M, Peat G et al. EULAR evidence-based recom-
mendations for the diagnosis of knee osteoarthritis. Ann Rheum Dis 2010;
69: 483-489.

2 Dieppe PA, Lohmander LS. Pathogenesis and management of pain in
osteoarthritis. Lancet 2005; 365: 965-973.

3 Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis.
Ann Rheum Dis 1957; 16: 494-502.

4 Conaghan PG, D'Agostino MA, Le Bars M et al. Clinical and
ultrasonographic predictors of joint replacement for knee osteoarthritis:
results from a large, 3-year, prospective EULAR study. Ann Rheum Dis
2010; 69: 644-647.



a1

(o)}

(e}

O

Keffer J, Probert L, Cazlaris H et al. Transgenic mice expressing human
tumour necrosis factor: a predictive genetic model of arthritis. EMBO |
1991; 10: 4025-4031.

Bouta EM, Banik PD, Wood RW et al. Validation of power Doppler
versus contrast-enhanced magnetic resonance imaging quantification of
joint inflammation in murine inflammatory arthritis. | Bone Miner Res
2015; 30: 690-694.

Hulth A, Lindberg L, Telhag H. Experimental osteoarthritis in rabbits.
Preliminary report. Acta Orthop Scand 1970; 41: 522-530.

Bouta EM, Ju Y, Rahimi H et al. Power Doppler ultrasound phenotyping
of expanding versus collapsed popliteal lymph nodes in murine
inflammatory arthritis. PLoS One 2013; 8: €73766.

Shi J, Liang Q, Zuscik M et al. Distribution and alteration of lymphatic
vessels in knee joints of normal and osteoarthritic mice. Arthritis
Rheumatol 2014; 66: 657-666.

Joint soft-tissue changes in PTOA
H Xu et al

10 Luyten FP, Denti M, Filardo G et al. Definition and classification of early
osteoarthritis of the knee. Knee Surg Sports Traumatol Arthrosc 2012; 20:
401-406.

11 Sanches J. Ultrasound Imaging. New York: Springer USA. 2012.

12 Loeser RF, Goldring SR, Scanzello CR et al. Osteoarthritis: a disease of
the joint as an organ. Arthritis Rheum 2012; 64: 1697-1707.

This wo?k is lic'ensed undef a Creative Comr}nons Attributit?n 4%40

5Y International License. The images or other third party material in

this article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit http:/ / creativecom-
mons.org/licenses /by /4.0/

© The Author(s) 2017

Bone Research (2017) 17012


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Utilization of longitudinal ultrasound to quantify joint soft-tissue changes in a mouse model of posttraumatic osteoarthritis
	Introduction
	Material and methods
	Mouse model of osteoarthritis
	Ultrasound acquisition and analysis
	Histology
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


